Xu H, Li J, Chen H, Wang C, Ghishan FK. NHE8 plays important roles in gastric mucosal protection. Am J Physiol Gastrointest Liver Physiol 304: G257-G261, 2013. First published December 6, 2012; doi:10.1152/ajpgi.00433.2012.-Sodium/hydrogen exchanger (NHE) 8 is an apically expressed membrane protein in the intestinal epithelial cells. It plays important roles in sodium absorption and bicarbonate secretion in the intestine. Although NHE8 mRNA has been detected in the stomach, the precise location and physiological role of NHE8 in the gastric glands remain unclear. In the current study, we successfully detected the expression of NHE8 in the glandular region of the stomach by Western blotting and located NHE8 protein at the apical membrane in the surface mucous cells by a confocal microscopic method. We also identified the expression of downregulated-in-adenoma (DRA) in the surface mucous cells in the stomach. Using NHE8
Ϫ/Ϫ mice, we found that NHE8 plays little or no role in basal gastric acid production, yet NHE8 Ϫ/Ϫ mice have reduced gastric mucosal surface pH and higher incidence of developing gastric ulcer. DRA expression was reduced significantly in the stomach in NHE8 Ϫ/Ϫ mice. The propensity for gastric ulcer, reduced mucosal surface pH, and low DRA expression suggest that NHE8 is indirectly involved in gastric bicarbonate secretion and gastric mucosal protection.
sodium/hydrogen exchanger 8; downregulated-in-adenoma THE MAMMALIAN SODIUM/HYDROGEN exchanger (NHE) family has 10 members. Each member has its own cellular localization and tissue distribution. These NHEs have broad physiological functions, including intracellular pH homeostasis, cell volume regulation, acid-base regulation, and electroneutral NaCl transport (14, 30) . Similar to the small intestine, multiple NHE isoforms are present in the stomach. NHE1, NHE2, and NHE4 are expressed in the gastric cells in the stomach and play important roles in gastric cell volume regulation and intracellular pH regulation (16) . NHE1 is detected in almost all tissues, including the stomach, and NHE1 protein is located at the basolateral membrane in the epithelial cells (19) . Loss of NHE1 expression has no apparent effect on the mouse gastric function (1) . NHE2 is present in all three major types of gastric epithelial cells (parietal cells, chief cells, and mucous cells) (21) . Loss of NHE2 expression in the stomach impairs gastric acid secretion by altering parietal cell viability (2, 17) . NHE4 protein is also localized to the basolateral membranes of epithelial cells lining the gastric glands (15, 29) . Lack of NHE4 expression resulted in the reduced gastric acid production in mice (8) .
NHE8 displays broad tissue distribution throughout the body, but it has relatively high abundance in the gastrointestinal tract. Previously, Northern blotting detected strong NHE8 mRNA expression in the stomach in both rodents and humans (23, 24) . Although the majority of studies on NHE8 are focused on the gene expression regulation in the small intestine and the kidney (5, 7, 20, 22, 23, (25) (26) (27) , nothing is known about its role in the stomach. Here, we describe for the first time the localization of NHE8 in the stomach and the role of NHE8 in the gastric glands using the NHE8 Ϫ/Ϫ mouse model. Our results suggest that NHE8 plays an important role in gastric mucosal protection in the stomach.
MATERIALS AND METHODS
Animals. Heterozygous NHE8 mice (NHE8 ϩ/Ϫ ) breeding pairs were used to produce NHE8 knockout mice (NHE8
Ϫ/Ϫ
). The studies listed here were carried out in mixed genetic background (129/Swiss Webster). Mice (males and females) at 8 -10 wk of age were used in this study. All animal work was approved by the University of Arizona Institutional Animal Care and Use Committee.
Tissue histological observation and immunohistochemistry. Stomach tissue was collected and fixed in 4% paraformaldehyde at 4°C overnight, dehydrated, and embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (H&E) for tissue morphological observation. Periodic acid-Schiff (PAS) stain was performed to detect mucin expression in the tissue sections. All section and staining work was done at the pathology services laboratory (University Animal Care, Tucson, AZ). Tissue sections with H&E staining or PAS staining were reviewed under a Zeiss Axioplan microscope. Immunohistochemical staining and detection on NHE8 and downregulatedin-adenoma (DRA) proteins were performed as previously described (23) . Briefly, NHE8 antiserum was incubated with sections overnight at a 1:200 dilution. The tissue slides were subsequently incubated with secondary antiserum (Alexa Fluor 568 goat anti-rabbit IgG; Molecular Probes, Eugene, OR) at a 1:400 dilution. Sections were incubated with DRA antiserum (Santa Cruz Biotech, Santa Cruz, CA) overnight at a 1:100 dilution. The tissue slides were subsequently reacted with secondary antiserum (Alexa Fluor 488 chicken anti-goat IgG; Molecular Probes) at a 1:400 dilution. NHE8-and DRA-stained sections were visualized by confocal microscopy (MRC-1024ES laser scanning confocal; Bio-Rad) equipped with a Nikon TE-300 researchgrade microscope.
RNA isolation and PCR amplification. Stomach tissues were harvested, and RNA (500 ng) isolated using Trizol reagent (Invitrogen, Carlsbad, CA) was reverse-transcribed using the iScript kit (Bio-Rad, Hercules, CA). PCR analysis used 10% of the RT reaction. For real-time PCR, TaqMan technology was used to determine the expression levels of interested target genes using gene-specific primers. TATA-binding protein gene was used as an endogenous reference to normalize expression levels. All TaqMan probes used for this study were purchased from Applied Biosystems (Foster City, CA). Resulting data were analyzed using the comparative cycle threshold (C t) method. The target gene cycle thresholds are adjusted relative to a calibrator (normalized Ct value obtained from control groups) and expressed as 2
Ϫ⌬⌬Ct (Applied Biosystems User Bulletin no. 2: Rev B "Relative Quantitation of Gene Expression").
Protein preparation and Western blotting. Total protein was prepared using RIPA buffer following a previously described method (4) . Briefly, tissues were homogenized in a small volume of RIPA buffer on ice. Resulting lysates were then centrifuged for 10 min at 10,000 rpm at 4°C. The supernatants were collected and used for Western blotting. NHE8 antibody (1:3,000 dilution) (24) and DRA antibody (1:3,000 dilution) (Santa Cruz Biotechnology) were used to detect NHE8 and DRA protein expression, respectively. As an internal control, ␤-actin antiserum (1:5,000 dilution) (Sigma-Aldrich, St. Louis, MO) and GAPDH (1:10,000 dilution) (EMD Millipore, Billerica, MA) were used to determine ␤-actin protein and GAPDH protein abundance, respectively. Western detection was performed with the BM Chemiluminescence Western Blotting Kit (Roche Diagnostics, Indianapolis, IN). A ratio of target protein intensity over ␤-actin or GAPDH protein intensity was used for protein expression quantitation.
Measurement of gastric content pH and gastric mucosal surface pH. To determine the mucosal surface pH, whole stomach was extracted and opened, and mucosal surface pH was measured immediately using a Orion 8135BNUWP flat-surface pH probe (Thermo Scientific, Pittsburgh, PA). To measure the pH of the gastric content, mice were killed after fasting overnight, and the intact stomach was removed. The gastric contents were collected and rinsed in 5 ml of normal saline solution and pelleted by centrifugation. The pH of the supernatant was measured with a Corning pH meter 320, and the acid equivalents were determined by titration with 10 mM NaOH solution.
Statistical analysis. Student's t-test was used to compare values of the experimental data. P values Յ0.05 were considered significant.
RESULTS
The expression and localization of NHE8 in the stomach. To determine NHE8 expression in the stomach, we collected tissues from different regions of the stomach and measured NHE8 expression at both mRNA and protein levels. As indicated in Fig. 1 , NHE8 expression differs among different regions in the stomach. Very low NHE8 expression was detected in the nonglandular region of the stomach, whereas very high NHE8 expression was detected in the glandular region (fundic glands and pyloric glands) of the stomach. Real-time PCR data showed that NHE8 mRNA expression was the highest in the fundic glands region followed by the pyloric glands region, and the lowest expression was seen in the nonglandular region in the stomach in mice (1.08 Ϯ 0.27 in the nonglandular region, 6.82 Ϯ 0.27 in the fundic glands region, and 4.70 Ϯ 0.11 in the pyloric glands region) (Fig. 1A) . Western blot detection of NHE8 protein also showed that NHE8 protein abundance was strongly detected in the glandular region of the stomach but undetectable in the nonglandular region of the stomach (Fig. 1B) . Confocal microscopy showed NHE8 signal was detected in the epithelial cells of the gastric pit, and the precise location of NHE8 protein was mainly detected at the apical membrane of the cells (Fig. 1C) . The region where NHE8 protein was detected was also positive for PAS stain (Fig. 1D) .
Morphological observation of the stomach in NHE8 Ϫ/Ϫ mice. High expression levels of NHE8 suggest that the loss of NHE8 function would alter gastric gland morphology. Gross inspection found no obvious abnormality in the stomach in NHE8
Ϫ/Ϫ mice. Histopathological survey also showed a normal morphology in the stomach in NHE8 Ϫ/Ϫ mice (Fig. 2) . Interestingly, frequent gastric bleeding incident was seen in NHE8 Ϫ/Ϫ mice. Eleven NHE8
Ϫ/Ϫ mice out of 52 showed gastric bleeding, whereas only 1 wild-type mouse in 63 had gastric bleeding. Inspection of the stomach indicated that the ulcer occurred at the fundic glands region in the stomach of the NHE8 Ϫ/Ϫ mice (Fig. 3) . 
Basal gastric acid secretion in NHE8
Ϫ/Ϫ mice. To explore if NHE8 participate in gastric acid production in the stomach, gastric contents were collected from wild-type and NHE8 Ϫ/Ϫ mice following overnight fasting. The pH and amount of proton in the gastric contents were measured. The stomach content pH from NHE8 Ϫ/Ϫ mice was similar to that of wild-type mice (pH 4.11 Ϯ 0.27 in NHE8 Ϫ/Ϫ mice; pH 4.23 Ϯ 0.09 in wild-type mice). The proton concentration in the gastric contents was also not different between wild-type mice and NHE8 Ϫ/Ϫ mice (0.219 Ϯ 0.25 M/g body wt in wild-type mice; 0.217 Ϯ 0.05 M/g body wt in NHE8 Ϫ/Ϫ mice).
Decreased gastric mucosal surface pH in NHE8
Ϫ/Ϫ mice. NHE8 has been shown to participate in bicarbonate secretion in the colon (28) . Therefore, we wanted to know if it plays a similar role in the stomach. The mucosal surface pH in the fundic glands region of the stomach was measured using a surface pH probe. As indicated in Fig. 4 DRA expression has been detected in the intestine, but the expression in the stomach is not known. Therefore, we first studied DRA protein expression in the stomach in mice. Gastric tissues from the nonglandular region and the glandular region (fundic glands and pyloric glands) were collected from wild-type mice. Total protein was isolated and used for Western blot analysis. As indicated in Fig. 5 , DRA protein expression was detected in the fundic glands region and the pyloric glands region of the stomach but not in the nonglandular region of the stomach in mice (Fig. 5A) . Confocal microscopy also detected DRA protein at the apical membrane of the surface epithelial cells in the stomach (Fig. 5B) .
Gastric DRA expression was reduced in NHE8 Ϫ/Ϫ mice. Our previous study has shown that NHE8 plays an important role in bicarbonate secretion by coupling with DRA in the colon. In this study, we wanted to explore if this coupling relationship is also present in the stomach. Tissue samples from the fundic glands region of the stomach were collected. DRA expression was analyzed at mRNA and protein levels. As indicated in Ϫ/Ϫ mice) (Fig. 5D ).
DISCUSSION
The 10 identified mammalian NHE isoforms have different tissue distribution, membrane localization, and cellular function (30) . Of these 10 NHEs, 4 of them (NHE1, NHE2, NHE3, and NHE4) are detected in the gastric tissue (29, 30) . NHE1 is expressed at the basolateral membrane of the surface mucous cells and neck mucous cells in the stomach (16, 19) . NHE2 is detected in the gastric mucosa in the stomach (16). NHE3 Fig. 4 . Mucosal surface pH measurement. Stomach tissue was freshly cut and opened, and mucosal surface pH in the fundic glands region was measured immediately using a flat-surface pH probe. Data are means Ϯ SE from a total of 10 mice. *P ϭ 0.002 for NHE8
Ϫ/Ϫ mice vs. wild-type mice. mice. Stomach from NHE8 Ϫ/Ϫ mice was collected and opened to expose the lumen side. The stomach lumen was rinsed with PBS and then observed under a stereomicroscope (Nikon SMZ-10). Image shown here was a representative photo taken from one NHE8 Ϫ/Ϫ mouse using an Olympus digital camera.
expression is shown at the basolateral membrane of the surface mucous cells (12) . NHE4, a major NHE isoform expressed in the stomach, is also located at the basolateral membrane of the parietal cells and the chief cells (15, 16) . Although NHE8 is identified initially from the renal and intestinal epithelial cells (9, 29, 30) , Northern blot detected the expression of NHE8 mRNA in the stomach from several species, including mouse, rat, and human (23, 24) . Unfortunately, the precise location and the physiological function of NHE8 in the stomach is unknown. Here, we detected and located for the first time the NHE8 protein expression in the stomach and further explored its physiological functions in the stomach using our newly established NHE8 Ϫ/Ϫ mouse model. Real-time PCR and Western blot analyses indicated that NHE8 expression was not evenly distributed in the stomach. Strong NHE8 expression was seen in the glandular region of the stomach but not in the nonglandular region of the stomach in mice. At the mRNA level, NHE8 mRNA expression was about seven times higher in the fundic glands region than that in the nonglandular region of the stomach. At the protein level, NHE8 protein was detected only in the glandular region of the stomach. Immunohistochemical assay further showed that NHE8 protein was mainly expressed in the apical membrane of the surface epithelial cells in the gastric pit. The stomach region where NHE8 protein was detected was also shown positive for PAS stain. These results indicated that NHE8 is indeed expressed in the surface mucous cells in the stomach. NHE2 and NHE4 have been shown to participate in gastric acid production in the stomach. Loss of NHE2 function in mice resulted in decreased gastric acid output because of reduced parietal cell viability (17) . Interruption of NHE4 expression also resulted in the abolished gastric acid production because of lack of parietal cells (8) . Unlike mice deficient in either NHE2 expression or NHE4 expression, mice lacking NHE8 expression showed no signs of morphological abnormalities in the stomach. These observations suggested that NHE8 plays little or no role in the development of gastric glands. Furthermore, NHE8
Ϫ/Ϫ mice had normal basal acid production, indicating that NHE8 is unlikely an important player in gastric acid production in the stomach. Unlike other NHE-deficient mice, NHE8 Ϫ/Ϫ mice were susceptible to develop gastric ulcer. The odd ratio of ulcer formation was 1:13 (wild-type mice vs. NHE8 Ϫ/Ϫ mice). Clinically, gastric ulcer occurs because of overproduction of gastric acid and/or reduction of bicarbonate secretion. However, NHE8 Ϫ/Ϫ mice had normal gastric acid output, which excluded the possibility of overproduction of gastric acid causing gastric ulcers. The gastric mucosal surface pH, however, was significantly lower in NHE8 Ϫ/Ϫ mice, suggesting that the ulcer formation in NHE8 Ϫ/Ϫ mice was most likely the result of reduction in bicarbonate secretion. NHE8 Ϫ/Ϫ mice displayed gastric mucosal acidification. Reduced gastric surface pH suggested a possible defect in bicarbonate secretion. In the intestine, bicarbonate plays an important role in buffering the pH of the protective mucosal layer that lines all epithelia (6) . DRA plays an important role in secreting bicarbonate in exchange for Cl Ϫ in the intestine (3, 10, 11, 13) . Although previous studies have shown that DRA was detected along the gastrointestinal tract, the expression of DRA in the stomach region remains largely unknown (3, 11, 18 ). In our current study, we showed that DRA protein was detected in the glandular region of the stomach by Western blot. Confocal microscopy confirmed that DRA protein was indeed expressed in the surface mucous cells in the stomach.
We have showed previously that loss of NHE8 expression in the colon results in the inhibition of DRA expression in the intestine, and this inhibition in turn contributes to the decreased mucosal surface pH in NHE8 Ϫ/Ϫ mice (28) . In the stomach, we observed a similar pattern. Compared with wild-type mice, DRA expression in NHE8 Ϫ/Ϫ mice was significantly reduced by 68 and 54% at the mRNA and protein levels, respectively. These observations suggest that NHE8 is important for normal DRA expression and bicarbonate secretion in the stomach.
In short, ablation of NHE8 function in the stomach in mice resulted in decreased gastric mucosal surface pH and DRA gene expression, and apparently caused gastric ulcer formation. Fig. 5 . Downregulated-in-adenoma (DRA) expression in the stomach. A: total tissue lysate was prepared from the nonglandular and glandular regions of the stomach and used for Western blot detection. Protein (30 g) was separated on 8% SDS-PAGE and immunoblotted with DRA antibody (1:1,000 dilution) and GADPH antibody (1:10,000 dilution). B: stomach tissue sections were prepared and reacted with DRA antiserum at 1:100 dilution. Immunohistochemical staining results were analyzed by MRC-1024ES laser-scanning confocal microscopy. C: RNA was isolated from the fundic glands region of the stomach and used for PCR analysis. DRA mRNA and TBP mRNA were amplified with mouse-specific primers. The changes in DRA gene expression were analyzed by the Ct method. Data are means Ϯ SE from a total 10 mice. *P ϭ 0.0002 for NHE8 Ϫ/Ϫ mice vs. wild-type mice. D: total tissue lysate was prepared from the fundic glands region in the stomach and used for Western blot detection. Protein (30 g) was separated on 8% SDS-PAGE and immunoblotted with DRA antibody (1:1,000 dilution) and ␤-actin antibody (1:5,000 dilution). The expression of DRA protein was calculated by dividing the optical density of the DRA band over that of the ␤-actin band. The bar chart shows the DRA protein expression indicated as means Ϯ SE in the sum of a total of 12 mice. *P ϭ 0.0003 for NHE8 Ϫ/Ϫ mice vs. wild-type mice. Inset, the corresponding Western blot image.
